A tropical Pacific climate state resembling that of a permanent El Niño is hypothesized to have ended as a result of a reorganization of the ocean heat budget ~3 Ma, a time when large ice sheets appeared in the high latitudes of the northern hemisphere. We report here a high-resolution alkenone reconstruction of conditions in the heart of the eastern equatorial Pacific (EEP) cold tongue that reflects the combined influences of changes in the equatorial thermocline, the properties of the thermocline's source waters, atmospheric greenhouse gas content, and orbital variations on sea surface temperature (SST), and biological productivity over the past 5 Myr. Our data indicate that the intensification of northern hemisphere glaciation ~3 Ma did not interrupt an almost monotonic cooling of the EEP during the Plio-Pleistocene. SST and productivity in the eastern tropical Pacific varied in phase with global ice volume changes at a dominant 41 kyr (obliquity) frequency throughout this time. Changes in the southern hemisphere most likely modulated most of the changes observed.
A tropical Pacific climate state resembling that of a permanent El Niño is hypothesized to have ended as a result of a reorganization of the ocean heat budget ~3 Ma, a time when large ice sheets appeared in the high latitudes of the northern hemisphere. We report here a high-resolution alkenone reconstruction of conditions in the heart of the eastern equatorial Pacific (EEP) cold tongue that reflects the combined influences of changes in the equatorial thermocline, the properties of the thermocline's source waters, atmospheric greenhouse gas content, and orbital variations on sea surface temperature (SST), and biological productivity over the past 5 Myr. Our data indicate that the intensification of northern hemisphere glaciation ~3 Ma did not interrupt an almost monotonic cooling of the EEP during the Plio-Pleistocene. SST O values and ice rafted debris in the North Atlantic and North Pacific signal two significant changes in high-latitude climate (4) (5) (6) . The northern hemisphere began a period of long-term growth in continental ice, most rapidly between about 3 and 2 Ma. At the same time, the variability of high-latitude climate increased dramatically, as seen by the growing amplitude of 41 kyr obliquity cycles in benthic δ 18 O beginning ~3 Ma (7) . What was the manifestation of this climatic transition in the tropics? One emerging theory is that the tropical ocean shifted from a state much like permanent El Niño before ~3 Ma to its modern more La Niña-like state after ~3 Ma (8) (9) (10) (11) .
In the modern ocean, the ventilated thermocline in the EEP brings cold, nutrientrich waters to the surface, which are initially derived from the sinking of mid-to highlatitude surface waters in the southern and northern hemispheres (9, (12) (13) (14) . This outcropping of cold, nutrient-rich water gives rise to high productivity in the EEP and sets up east-west SST and atmospheric pressure gradients, which reinforce and are reinforced by the Trade Winds. At present, mean annual SSTs are 23ºC in the EEP and 29ºC in the western equatorial Pacific (WEP), yielding a modern surface temperature difference of 6ºC (15) . The resulting temperature gradient and associated pressure gradients drive the strong east-west atmospheric circulation pattern (Walker Circulation O, in which the major inflection point corresponds to significant ice growth or highlatitude cooling occurs at ~3 Ma, the U k' 37 SST record shows that important changes happened before ~3 Ma (Fig. 1B,C) . Cooling in the surface ocean of the EEP started at least 1 Myrs before the intensification of NHG, implying that while the growth of northern hemisphere ice sheets undoubtedly played a major role as a climatic feedback during the Plio-Pleistocene transition, it did not force or initiate EEP cooling (Fig. 1B,C (Fig. 1B) . These discrepancies may stem from actual differences in the dynamics between study sites several hundred kilometers apart in the EEP, from changes/differences in the ecology of the species responsible for the paleoclimate indexes measured (haptophyte algae for the U Fig. 2A,B ) accompanies the dramatic increase in productivity at ~ 2.9 Ma (Fig. 1A) . The decline in productivity at ~1.6 Ma corresponds to a slight warming of SST (~1ºC) during the interval from 1.6-1 Ma (Fig. 1A,B ).
Evolutionary spectra of Site 846 δ 37 SST record shows a dramatic increase in obliquity band variance towards the present starting at ~3Ma ( Fig. 2A,B ). In contrast, the C 37 Total productivity record responds more faithfully to obliquity pacing, with a strong response at 41 kyr observed even prior to the intensification of NHG (~3 Ma) (Fig. 2C ).
In the obliquity band, all three proxies are coherent for the majority of the past 5
Myrs (Fig. 3A ,B,C). The exceptions generally coincide with obliquity nodes (intervals of low obliquity amplitude) when obliquity band climatic forcing is weak (Fig. 3D ). SST and C 37 Total are anti-correlated (cold temperatures correspond to high productivity) throughout the entire interval, as illustrated by the nearly constant phase relationship -1 kyr ± 1.5 kyrs between SST and C 37 Total (Fig. 3A) . After ~2.5 Ma both temperature and C 37 Total slightly lead (3 kyr ± 1.5 and 4 kyr ± 1.75, respectively) benthic δ 18 O in the obliquity band ( Fig. 3B ,C, supporting online text). Before this time, all proxies are more nearly in phase ( Fig. 3B,C) . The slight increase in lag of benthic δ 18 O relative to changes in sea surface indices after 2.5 Ma may testify to the greater thermal inertia of northern hemisphere ice sheets as they rapidly expanded during the intensification of NHG (25) .
Mechanisms for Eastern Equatorial Pacific Sea Surface Change
What mechanisms gave rise to these orbital scale (10 4 -10 5 yrs) and longer-term (>10 6 yrs) climatic variations in the EEP sea surface? Plausible mechanisms for altering EEP SST are changing 1) the local insolation field 2) the east-west tilt of the thermocline 3) the average depth of the thermocline or 4) the composition of the atmosphere (i.e. changing greenhouse gas concentrations). EEP productivity could be changed by altering 1) the eastwest tilt of the thermocline 2) the average depth of the thermocline or 3) the nutrient content of the source waters. Some of these mechanisms result in coupled changes in SST and productivity. Others may lead to independent changes in one proxy record without a corresponding change in the other. For example, changing the depth or tilt of the thermocline should result in changes in both SST and productivity, whereas changes in atmospheric composition can affect ocean surface temperature without modifying biological productivity. However, these mechanisms are not necessarily mutually exclusive.
The ODP Site 846 record suggests that temperature and productivity of the eastern Pacific upwelling zone were tightly coupled on orbital timescales, but only weakly coupled on long timescales, implying that different mechanisms may drive changes in EEP surface conditions on these two timescales.
Orbital Timescales
At low latitudes, changes in seasonal insolation caused by variations in precession (~10 Wm 2 ) are far greater than those driven by obliquity oscillations (<1 Wm 2 ), suggesting that important low-latitude climatic processes (e.g. Trade Winds, monsoons) should be beat at precessional periods. However, our low-latitude sea surface records have only weak precessional power (Fig. 2B,C) 
Long Timescales
Despite the occurrence of major global climatic changes at ~3 Ma, which in the EEP were recorded as a dramatic increase in obliquity band variance of both δ 18 O and EEP SST ( Fig. 2A,B) and a 3-fold increase in alkenone concentration (Fig. 1A) , the obliquity band coherency and phase relationships between EEP SST, productivity, and δ 18 O remained essentially unchanged (Fig. 3A,B,C) . If we accept benthic δ 18 O as a high-latitude proxy, reflecting a combination of ice volume and deep ocean temperature changes which are imparted at high latitudes, then the long-term constancy of these relationships suggest that the "plumbing" of the EEP upwelling system has not changed appreciably over the past 5
Myr and indicate that a strong link in the obliquity band existed between high-and lowlatitude climates well before 3 Ma. The persistence of obliquity responses suggests that, consistent with the theory, but in contrast to the timing proposed by Philander and Fedorov (9), the high latitudes continued to modulate EEP surface conditions so long as a west-east SST gradient persisted (i.e. for at least the past 5 Myr) (Fig. S3 ). While our results do not invalidate the fundamental tenet of the Philander and Fedorov (9) theory that a major reorganization of the sources and sinks of the oceanic heat budget occurred in association with long-term cooling of the deep ocean, they suggest that the onset of such a reorganization must be moved prior to 5 Ma.
As southern hemisphere cooling and glaciation preceded that of the northern hemisphere by millions of years (1), we suggest that the critical establishment of a highand low-latitude link via the thermocline may have depended more on oceanographic changes in the southern, rather than northern, hemisphere. One of the most prominent observations implicating the role of the Southern Ocean in the evolution of EEP surface conditions is the poor correspondence of the high productivity interval between about 2.9 and 1.6 Ma (Fig 1C) to either the local SST as inferred from alkenone paleotemperatures, or to east-west equatorial Pacific gradients, as inferred from comparing our SST estimates at Site 846 to the (more sparsely sampled) Mg/Ca paleotemperature estimates from the Western Pacific Warm Pool (ODP Site 806) (11) (Fig. S3) . Substantial changes in EEP productivity occur in the modern ENSO cycle in response to shoaling/deepening of the equatorial thermocline and strengthening/weakening of the Trade Winds. An El Niño model would therefore predict that higher past productivity should coincide with colder EEP SST, and enhanced east-west gradients. At the orbital scale, we do indeed observe the association of colder SST and higher past productivity. Yet, EEP productivity increased abruptly at 2.9 Ma without a similar anomaly of cold SST at Site 846, and the interval in which the west-east SST gradient became the strongest (last 1.5 Myr) (8, 11) (Fig. S3 ), counter to expectations, corresponds to a significant decline in EEP surface productivity (Fig. 1A) . Both of these observations are inconsistent with a change in the tilt or depth of the thermocline uniquely determining the extent of EEP productivity.
We hypothesize that nutrient availability, a characteristic of the source waters, rather than a change in wind-driven upwelling strength, controlled productivity variations in the EEP on long timescales. Today, the cold, nutrient-rich waters of the ventilated thermocline that are upwelled in the EEP are sourced by intermediate and mode waters from the high latitudes of the North Pacific and the Southern Ocean, (12, 14) with greater contributions from the southern hemisphere (13) . A crash in productivity in both of these high-latitude source regions occurred at approximately the same time as an abrupt increase in productivity in the EEP (Fig. 1A) and in the California margin upwelling zone (8) , and in synchronicity with the major intensification of NHG (29, 30) . Recent studies suggest that polar stratification in the high-latitude source regions of EEP surface waters began at about 3 Ma (29, 30) . We hypothesize that nutrients that were not utilized at high latitudes after the intensification of NHG were instead entrained into the source waters for the EEP and fed the dramatic rise in productivity observed at Site 846 at ~3 Ma. The decline in productivity in the EEP between 1 and 2 Ma followed the establishment of the modern Southern Ocean opal belt at ~2 Ma (31), lending further support to the hypothesis that changes in nutrient availability of the source region drove major changes in EEP productivity. Given the large modern contribution of southern hemisphere waters to the EEP, the role that the highlatitude southern hemisphere climate played in the Plio-Pleistocene transition warrants more consideration. (20, 21) . All data are correlated to the LR04 Stack (7) using the Match 2.0 program (32) . The early Pliocene is shaded yellow, a white background defines the interval of maximum EEP productivity, and the portion of the Pleistocene after the productivity maximum is shaded gray. 37 temperature, (C) ln (natural logarithm) C 37 Total (alkenone concentration) (18, 19) , and (D) eccentricity, obliquity (tilt) and precession (ETP) (33) , an illustration of changes in orbital variations through time. These spectra were computed using a fast fourier transform (FFT) with a 600 kyr window and 85% overlap between windows. All responses were interpolated to even intervals of 1 kyr resolution and pre-whitened (except ETP) before being subjected to the FFT. The same major spectral features are reproducible using the Blackman-Tukey method, indicating that the results produced in this analysis are not methodology dependent. O, and (D) Orbital obliquity (34) . Intervals that are coherent at the 80% confidence level are shown with thin black error bars and those that are coherent at the 95% confidence level are show with thick gray bars. Because the alkenone concentrations have a log-normal rather than Gaussian distribution, we used the natural logarithm of alkenone concentration (C 37 Total). We use the inverse of both benthic δ 18 O and alkenone concentration in our coherency and phase analyses, to be consistent with paleoclimatic convention and the axes in Figure 1 . Prior to coherency and phase analysis all records were interpolated to even intervals of 1 kyr resolution. Phases were computed using the Arand Program iterative spectra feature with a 600 kyr window and 300 lags. Regression lines (thick black lines in B,C) show the trend toward increasing phase difference toward the present. 
Materials and Methods
Alkenones are organic compounds synthesized by a few species of ocean surface dwelling algae (S1). The relative abundance of these compounds (di-and tri-unsaturated ketones) has been calibrated to organism growth temperature, (S2) here taken as a measure of mean annual sea surface temperature. A global core top calibration contains sites dominated by E. huxleyi, the primary producer of alkenones in the modern ocean as well as sites dominated by G. oceanica, the most likely producer of alkenones prior to the evolution of E. huxleyi ~270 ka (S3) . Because the calibration for sites dominated by G. oceanica are indistinguishable from those dominated by E. huxleyi, we assume that the global calibration curve is also applicable to samples predating the evolution of E. huxleyi (S3) . Results from previous investigations (S3-S6) indicate that SST estimates using the alkenone unsaturation index do not appear to be significantly influenced by variations in nutrient availability, production depth, production season, or by coccolithophorid extinction or speciation events. Our analysis also quantifies the concentration of alkenones in the sediments, an index of paleoproductivity (S7-S9). We took the natural logarithm of alkenone concentration (C 37 Total) prior to spectral analysis ( Fig. 2A) because the data set has a log-normal (strongly skewed towards low C 37 Total values) rather than Gaussian distribution. A detailed description of our analytical techniques can be found in Herbert and Schuffert (1998) (S10).
C 37 Total Productivity Proxy
Variations in Site 846 C 37 Total cannot be explained by dilution or concentration mechanisms because mass accumulation rate (MAR) calculations of C 37 Total reveal the same dominant structures as the time series of concentration data. Furthermore, comparison of our high-resolution alkenone productivity proxy to Site 846 low-resolution records of commonly used indices of paleoproductivity, organic carbon, and percent opal indicates that fluctuations in C 37 Total are broadly consistent with the fluctuations of other paleoproductivity indices (Fig. S1 ), imply that variations in C 37 Total are primarily recording variations in past EEP productivity. Variations in F. profunda abundance, a proxy for thermocline depth (S11), from a nearby site in the EEP during the late Pleistocene also show general agreement with variations in C 37 Total at Site 846 (S12).
Autochthonous Deposition of Alkenones
Our conclusion that high-latitude and tropical climates were linked in the obliquity band for the past 5 Myr is not age model dependent (see below). However, it does assume that the deposition of all sediment fractions was approximately coeval. Recent studies have identified the potential for lighter sediment constituents (i.e. alkenones) to be advected to their deposition site from elsewhere, resulting in age offsets of 0-7 kyr between the alkenone fraction and the foraminifera fraction, with the more significant age offsets of 5 kyr or more occurring at drift sites (S13, S14). Site 846 is not a drift site and the U k' 37 temperature estimates from the core top accurately reflect the modern SST. Because Site 846 is located in a region of very high productivity, the overall affect of any allocthonous constituents should be minimal. Furthermore, a late Quaternary planktonic foraminiferal Mg/Ca temperature record from the equatorial Pacific indicates that changes in SST precede changes in benthic δ 18 O by the same phase offset we observe between these proxies at Site 846 over this interval (3 kyrs)(S15), implying that age offsets between the alkenone fraction and the foraminifera fraction are negligible. However, even if we entertain the worst case scenario of a 7 kyr age offset between the alkenones and the foraminifera our conclusion remains intact because the phase shift required by a change in the heat budget from a state of local balance before ~3 Ma to remotely balanced after ~3 Ma (S16) is 180º or 20 kyr in the 41 kyr obliquity band.
Age Model and Phase Relationships
Our conclusion that SST and productivity vary in phase with ice volume (benthic δ 18 O), and hence in phase with a high-latitude signal is not age model dependent because all data were obtained from the same core. Thus, the relationships between the three time series are independent of the age model used. Determining the phase relationship between ice volume or SST and solar radiation is more challenging. Age model tuning assumes a certain lag between an insolation target and a benthic δ 18 O record, and the response time of the variable (the lag) can change with time. The LR04 age model used in this study (S16), uses the simple nonlinear model of ice volume from Imbrie and Imbrie (S17) and the insolation curve for 65ºN as its forcing function. Lisiecki and Raymo (S16), allow the nonlinearity coefficient and the time constant to increase with time in an attempt to capture the long-term increase in ice volume over the past 5 Myr. However, tests of the sensitivity of the age model to reasonable changes in these parameters result in only small changes in the age model (1-3 kyrs). For the conclusion we have reached to be incorrect, the error in the age model would need to be ~20 kyr (one half of an obliquity cycle), to produce SST and productivity changes in phase with low-latitude insolation changes. Milankovitch theory posits that the relationship between obliquity and glaciation is negative (i.e. high tilt results in smaller ice sheets). Because obliquity is symmetric between the hemispheres, even if high-latitude southern hemisphere insolation were primarily dictating changes in δ
18
O prior to 3Ma, we would still expect this fundamental relationship to hold true. Any major modification (>10 kyr) to the age model would require that this widely established fundamental relationship between a low tilt configuration and glaciation be faulty. While we may never be able to determine the real Pliocene phase lag between solar radiation and ice volume or temperature changes, we feel that the potential errors in the age model are small enough that they cannot fundamentally undermine our conclusions.
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Fig. S1 Proxies of past productivity. A) Alkenone concentration (this study), B) Percent organic carbon (S18), and C) Percent opal (S19). Note all axes are inverted. 37 index (red line). Smoothed curves were calculated using a 400 kyr running mean. B) Estimated zonal SST gradient between the WEP (159ºE) and the EEP (91ºW), was obtained by taking the difference between the smoothed curves in (A).
